Apolipoprotein E (apoE)-related synthetic peptides, the 22 kDa N-terminal thrombin-cleavage fragment of apoE (truncated apoE), and full-length apoE have all been shown to exhibit neurotoxic activity under certain culture conditions. In the present study, protease inhibitors reduced the neurotoxicity and proteolysis of full-length apoE but did not block the toxicity of truncated apoE or a synthetic apoE peptide, suggesting that fragments of apoE may account for its toxicity. Additional experiments demonstrated that both truncated apoE and the apoE peptide elicit an increase in intracellular calcium levels and subsequent death of embryonic rat hippocampal neurons in culture. Similar effects on calcium were found when the apoE peptide was applied to chick sympathetic neurons. The rise in intracellular calcium and the hippocampal cell death caused by the apoE peptide were significantly reduced by receptorassociated protein, removal of extracellular calcium, or administration of the specific NMDA glutamate receptor antagonist MK-801. These results suggest that apoE may be a source of both neurotoxicity and calcium influx that involves cell surface receptors. Such findings strengthen the hypothesis that apoE plays a direct role in the pathology of Alzheimer's disease.
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Apolipoprotein E (apoE) is a lipid-associated protein that binds and transports cholesterol-rich lipoproteins for internalization via receptors of the low density lipoprotein (LDL) receptor family (Mahley, 1988) . In addition, apoE has other putative functions that do not seem to involve lipid transport (Weisgraber, 1994) . Involvement of apoE in the pathogenesis of late-onset Alzheimer's disease (AD) was suggested by the association between inheritance of the allele for the E4 isoform of apoE and the increased risk and earlier age of onset of the disease (Corder et al., 1993; Saunders et al., 1993a,b; Strittmatter et al., 1993) , as well as immunohistochemical localization of apoE to senile plaques and neurofibrillary tangles (Namba et al., 1991) . Several hypotheses have been proposed to account for the isoform-specific association of apoE with AD (for review, see Laskowitz and Roses, 1998) . However, there is still no consensus regarding the role played by apoE in this or other neurodegenerative conditions.
The observation that synthetic apoE-related peptides cause degeneration of sympathetic neurites in culture (Crutcher et al., 1994) led to the hypothesis that apoE could be a source of neurotoxic fragments, thus playing a direct role in AD pathology . This hypothesis is consistent with the finding that a 22 kDa thrombin cleavage fragment of apoE (truncated apoE), which may be analogous to a similar fragment found in brain and CSF, exhibits neurotoxicity, and that truncated E4 is significantly more toxic than truncated E3 (Marques et al., 1996) . Furthermore, full-length apoE4 has been shown to exhibit greater neurotoxicity than apoE3, an effect that is associated with production of truncated apoE . However, whether proteolysis of apoE is involved in toxicity and the mechanism by which apoE-related peptides elicit toxic effects are unknown. All of the toxic apoE species include the receptorbinding region Weisgraber et al., 1983; Lalazar et al., 1988) , as well as the overlapping high-affinity heparin-binding region (Weisgraber et al., 1986) , suggesting that specific receptors might be involved. In fact, there is some evidence implicating the LDL receptor-related protein (LRP) and heparan sulfate proteoglycan (HSPG) in mediating the neurotoxicity .
The fragmentation of neurites and swelling of neuronal cell bodies that occurs after exposure to apoE peptides is similar to the excitotoxic effects of glutamate (Lucas and Newhouse, 1957) , which is accompanied by a rapid influx of calcium (Jancso et al., 1984; Choi 1985; Mattson et al., 1995; Tymianski 1996) . Although the receptors that mediate lipoprotein uptake have not generally been associated with intracellular signaling pathways, apoE has been reported to affect calcium regulation in nerve cells (Hartmann et al., 1994; Müller et al., 1998) . In this study, inhibition of the proteolysis of apoE was found to be associated with a significant reduction of apoE neurotoxicity. In addition, both an apoE peptide and recombinant human truncated apoE4 were found to elicit increases in intracellular calcium as well as neurite degeneration and neuronal death.
MATERIALS AND METHODS
Cell culture. Embryonic day 9 chick lumbar sympathetic ganglia were procured and cultured as described previously . Dissociated sympathetic neurons were plated onto poly-dl-ornithine-coated 96-well plates or on polyethyleneimine-coated glass coverslips in 35 mm dishes for calcium studies. The cultures were incubated in a humidified environment with 5% C O 2 and 95% 0 2 in Neurobasal medium overnight. The next day, dissociated chick sympathetic cultures were transferred to F12 medium supplemented with 20 nM progesterone, 100 M putrescine, 30 nM selenium, 100 g /ml human transferrin, 1% penicillin /streptomycin and 5 g /ml bovine insulin or, for some calcium experiments, left in Neurobasal medium until being transferred to L ocke's solution (see below). For studies of proteolysis of f ull-length apoE, sympathetic neurons were treated with one of the following in the presence or absence of a mixture of protease inhibitors (leupeptin, pepstatin A, aprotinin, antipain and hirudin; each at 8 g /ml): apoE peptide, truncated recombinant human apoE4, mouse IgG (which had been subjected to the purification procedure used for apoE), or f ull-length recombinant human apoE4 diluted in the supplemented F12 medium.
Primary rat hippocampal neuronal cultures were prepared as previously described Mattson et al., 1995) . Dissociated hippocampal cells were grown on a polyethyleneimine substrate in either plastic (for analyses of neuronal survival) or glass-bottom (f ura-2 AM studies) 35 mm dishes. Cultures were maintained for 1-2 days in Eagle's M EM supplemented with 20 mM KC l, 1 mM pyruvate and 10% fetal bovine serum and then transferred to a serum-free defined medium (Mattson et al., 1993c) for the purpose of arresting the proliferation of non-neuronal cells. Under these culture conditions, non-neuronal cells constitute less than 5% of the total cell number.
E xperiments with hippocampal neurons were done in 6 -10-d-old cultures when the neurons express both AM PA and NMDA receptors (Mattson et al., 1993c) . The apoE peptide or human recombinant truncated apoE4 were added to dissociated rat hippocampal neurons. This apoE peptide has been shown to exert neurotoxic effects that may involve an LRP-like receptor and /or HSPG (Crutcher et al., 1994; Tolar et al., 1997) . The ability of various agents to block the calcium influx and /or neurotoxicity associated with the apoE peptide was determined by treating the cultures with one of the following for 30 min before addition of the peptide: recombinant human LRP receptor-associated protein (R AP), EGTA (Sigma, St. L ouis, MO), M K801 (Sigma), C NQX (Tocris Cookson), or nifedipine (Sigma).
Western blot anal ysis. The production of apoE fragments was monitored using Western blotting of medium from cultures that had been exposed to f ull-length apoE in the presence or absence of protease inhibitors. The medium was collected and electrophoresed using Tristricine 10 -16% SDS-PAGE, electroblotted onto poly vinylidene difluoride membranes, and blocked with 5% nonfat dry milk (w/ v) in 0.156 M Tris-buffered saline, pH 7.5, with 0.1% (w/ v) T ween (TBST). After extensive washing with TBST, membranes were incubated with a monoclonal anti-apoE antibody (1D7) followed by incubation with horseradish peroxidase-labeled sheep anti-mouse secondary antibody (C albiochem, La Jolla, CA) in TBST with 5% nonfat dry milk (w/ v) and 10% glycerol (w/ v). Horseradish peroxidase activity was visualized with enhanced chemiluminescence (ECL) (Amersham, Buckinghamshire, UK).
Preparation of apoE-related molecules. Synthetic tandem apoE peptide E (141-149) 2, consisting of a duplicated sequence of apoE amino acids 141 through 149, was prepared as described previously (C lay et al., 1995) . The 22 kDa N-terminal portion of apoE4 (truncated apoE4) was produced using a bacterial expression system. Escherichia coli harboring the expression plasmid E4 22 kDa /pET21 were grown overnight in 500 ml of sterile L uria-Bertani medium (L B) with 100 g /ml ampicillin at 37°C. The next morning, each liter of fresh L B containing 100 g /ml ampicillin was inoculated with 50 ml of overnight culture and grown at 37°C in a shaking platform incubator at 250 rpm to an optical density of 0.6 at 600 nm. E xpression was induced by the addition of isopropyl-1-thio ␤-Dgalactopyranoside to a final concentration of 0.5 mM and continued shaking for another 3-4 hr. C ells were pelleted by centrif ugation for 20 min at 4000 rpm at 4°C, then resuspended in 30 ml of cold sonication buffer containing 150 mM NaC l, 20 mM Na 2 PO 4 , 25 mM EDTA containing 1% trasylol, 1% antipain, and 0.1% ␤-mercaptoethanol. After three sonication cycles of 1 min each, cells were centrif uged at 30,000 ϫ g for 30 min at 4°C. The supernatant was then dialyzed extensively against 0.1 M NH 4 HC O 3.
The 22 kDa bacterial protein was purified using a DEAE-5PW HPLC column, 7.5 cm ϫ 7.5 mm (Supelco, Bellefonte, PA) as reported previously or using the following procedure. Supernatant cell lysate was diluted 1:1 in running buffer (150 mM NaC l, 20 mM NaPO 4 , pH 7.0, 0.02% EDTA, 0.01% NaN 3 ) and loaded onto a Hi-trap heparin Sepharose column (Pharmacia Biotech, Piscataway, NJ) preequilibrated with running buffer. N-terminal truncated 22 kDa apoE 4 was eluted with 1 M NaC l, 20 mM NaPO 4 , pH 7.0, 0.02% EDTA, 0.01% NaN 3 . Samples from several runs from the DEAE HPLC column were concentrated in 0.1 M NH 4 HC O 3 using C entricon 10 and then lyophilized. Samples from several runs from the Hi-trap heparin Sepharose column were desalted using a 50 ml bed volume Bio-Gel P-6DG desalting column (Bio-Rad, Richmond, CA) pre-equilibrated with F12 medium. After protein concentration was assessed by the Bradford method (BioRad protein assay), using a monoclonal antibody (Pierce, Rockford, IL) as standard protein, samples were freeze-dried and stored at Ϫ20°C.
Purification of recombinant apoE was carried out with medium from human embryonic kidney (H EK) cells stably transfected with the human apoE4 gene. H EK cells were cultured in an artificial capillary system (C ellco), supernatant medium was loaded onto a heparin chromatography column (heparin-agarose beads, Sigma), and eluted proteins were electrophoresed using Tris-tricine 10 -16% SDS-PAGE. Full-length apoE was cut from the gel and electroeluted using the S&S Elutrap device (Schleicher & Schuell, Keene, N H). Mouse IgG (Pierce) was treated the same way and used as a control.
Preparation of recombinant R A P. Recombinant R AP was prepared on the basis of human placental R AP cDNA as described previously (Williams et al., 1992) . Briefly, R AP cDNA was cloned into a pGEX2T vector (Pharmacia) designed to produce a protein f usion of the insert encoded protein and glutathione S-transferase (GST) from Schistosoma japonicum. The construct also contains a thrombin cleavage site that permits the release of R AP. The expression vector was subsequently transformed into the DH5␣FЈ strain of E. coli. The f usion protein was purified from other proteins contained in the bacterial lysate on a GST affinity column (Herz et al., 1991) . After purification, the GST was removed by digestion with thrombin (C albiochem) then passing the digestion mix once again over the GST affinity column.
Fura-2 A M measurements of intracellular f ree calcium levels. Fluorescence ratio imaging of the calcium indicator dye f ura-2 AM was used to quantif y [C a 2ϩ ] i using previously described procedures Mark et al., 1995; Mattson et al., 1995) . Briefly, the cells were loaded at 37°C for 20 -30 min with 10 M f ura-2 AM (Molecular Probes, Eugene, OR). Immediately before imaging, the cells were washed twice with L ocke's solution containing (in mM): 154 NaC l, 20 glucose, 5.6 KC l, 2.3 CaCl 2 , 1 MgC l 2 , 3.6 NaHC O 3 , 5 H EPES, and 0.002% gentamycin, pH 7.2, with or without calcium chloride, as indicated, and then imaged using a Z eiss Axiovert microscope linked to a Z eiss/Attofluor imaging system to acquire and process the images. The [C a 2ϩ ] i was determined in the neuronal cell bodies from the ratio of the fluorescence emission using two different excitation wavelengths (340 and 380 nM) after subtraction of background fluorescence.
Quantification of neuronal survival. For toxicity studies performed with dissociated chick sympathetic neurons, the percentage of living cells remaining after overnight incubation with the experimental treatments was assessed using a vital dye (5-carboxyfluorescein diacetate, acetoxymethyl ester; Molecular Probes) as described previously . The number of living neurons was determined from images that were captured from four wells per treatment. Each data point is based on the average number from these quadruplicate determinations.
Survival of rat hippocampal neurons was quantified using methods described in previous studies . Undamaged neurons in the same 10ϫ microscope fields (phase-contrast optics) were counted immediately before, and at appropriate time points after, exposure to experimental treatments. Neurons were considered undamaged if they had neurites that were uniform in diameter and smooth in appearance and somata that were smooth and round to oval in shape. Degenerating neurons with fragmented and beaded neurites and a swollen and vacuolated soma with an irregular shape were considered nonviable. The quantitation was performed by an observer without knowledge of the experimental condition. Statistical comparisons were made using paired and unpaired Student's t test (two-tailed) or one-way ANOVA and Scheffe's post hoc test where appropriate.
RESULTS

Protease inhibitors reduce the production of truncated apoE and attenuate neurotoxicity of full-length apoE
The apoE peptide, E (141-149) 2 (consisting of a duplicated sequence of apoE amino acids 141 through 149), truncated apoE, and full-length apoE4 exhibited significant neurotoxicity when tested against dissociated chick sympathetic neurons. The toxic effect of the apoE peptide and of apoE4 are shown in Figure 1 . These results are consistent with previous reports. Also, as found previously, exposure of neurons to f ull-length apoE resulted in the appearance of lower molecular weight fragments of apoE, including a band running with an approximate molecular weight of 22 kDa (Fig. 1) , which most likely represents the major N-terminal fragment of apoE (truncated apoE). The other bands presumably represent other proteolytic fragments of apoE. The addition of protease inhibitors at the time of treatment reduced both the toxicity of apoE and the generation of truncated apoE (Fig. 1) , suggesting that metabolism of the f ull-length protein is involved in its toxicity. On the other hand, the protease inhibitors did not attenuate the toxicity produced by the apoE peptide (Fig.  1 ) or truncated apoE (results not shown). This suggests that the mechanism of toxicity associated with the shorter molecules does not involve proteolysis. . ApoE neurotoxicity may involve proteolysis. Dissociated chick sympathetic neurons were exposed to the apoE peptide (ApoE p ) or full-length apoE4 (apoE4 ) in the presence or absence of protease inhibitors (PI ). Controls included cells not receiving any experimental treatment (Control ), receiving protease inhibitors alone (PI ), or treated with an antibody against mouse IgG (IgG) that had been subjected to the same purification procedure as that used for apoE4. Significant toxicity was obtained with the apoE peptide and apoE4 but not with the control treatments. Protease inhibitors prevented the toxic effects of apoE4 but not of the apoE peptide. Medium from the cultures treated with apoE4 with or without PI was subjected to Western blotting using an antibody to apoE. The results are shown below the corresponding treatments in the bar graph. PI treatment reduced the number and intensity of bands representing low molecular weight apoE fragments in the medium. The approximate location of the molecular weight standards is indicated to the left of the Western blot. 's post hoc test) . C, Phasecontrast micrographs of hippocampal neurons in a culture before treatment (A1), and 6 hr (A2) and 24 hr (A3) after exposure to 0.5 M apoE peptide. B1 and B2 are micrographs of neurons in a culture before and 24 hr after exposure to saline, respectively. Note the degeneration of neuronal cell bodies (arrow) and neurites (arrowhead) in the culture exposed to the apoE peptide. (Figure 2 continues.)
ApoE peptide and truncated apoE4 cause death of rat hippocampal neurons
The toxicity of apoE peptides has previously been demonstrated for lymphocytes, chick sympathetic and cortical neurons, and rat hippocampal neurons (Crutcher et al., 1994; C lay et al., 1995; Tolar et al., 1997; Moulder et al., 1999) . E xposure of hippocampal cultures to 2 M apoE peptide resulted in a time-dependent decrease in neuronal survival such that 20, 50, and 80% of the neurons were degenerated at 6, 12, and 24 hr after exposure to the peptide (Fig. 2 A) . Neuronal degeneration was induced in a concentration-dependent manner by the peptide at concentrations ranging from 0.05 to 2.5 M (Fig. 2 B) . Neurons exposed for up to 24 hr to different concentrations of the peptide exhibited progressive degeneration (Fig. 2C) . The degeneration of neurons started with both swelling of the cell bodies (Fig. 2C, arrows) and beading of the neurites (Fig. 2C, A2, arrowheads) , followed by neurite fragmentation (Fig. 2C, A3 , arrowheads) and cell lysis.
To determine whether the apoE peptide-mediated neurotoxicity might be mediated by receptors for apoE, the toxicity of the peptide was tested in the presence of recombinant human RAP, a protein that blocks the interaction of all known ligands for LRP.
Hippocampal neurons were preincubated with RAP for 1 hr followed by exposure to peptide E (141-149) 2. RAP (4 M) significantly protected the neurons against toxicity of the peptide (Fig.  2 A,B) .
Although the quantity of truncated apoE4 that was available for these experiments was more limited, similar neurotoxicity was obtained after exposure of hippocampal neurons to increasing concentrations of this protein (Fig. 3A) . When added at 75 or 125 g/ml (ϳ3 or 6 M), hippocampal neuronal survival was reduced by 30 and 60%, respectively.
ApoE peptide and truncated apoE4 also stimulate an influx of Ca
2؉
The similarity of the neurite-degenerative effects of the apoE peptide and truncated apoE4 to the neurotoxic effects of glutamate suggested that calcium influx may also occur. Fluorescence ratio imaging of the calcium indicator dye fura-2 AM was used to assess changes in [Ca 2ϩ ] i in neuronal cell bodies and neurites. A significant increase in intracellular calcium was observed in hippocampal neurons 2 hr after exposure to either 75 or 125 g/ml of truncated apoE4 (Fig. 3B) . Additional studies of this effect on Figure 2C intracellular calcium were performed with the apoE peptide. Treatment of rat hippocampal or chick sympathetic neurons with the apoE peptide resulted in a rapid and sustained increase in [Ca 2ϩ ] i (Figs. 4, 5A ). The magnitude of the rise in [Ca 2ϩ ] i was dependent on the concentration of the peptide. L ower concentrations resulted in less of an increase of [C a 2ϩ ] i (data not shown). The magnitude and onset of the increase in calcium was similar in both types of neurons. On average, a twofold increase in calcium within 1-2 min after addition of the peptide was observed; however, not all cells showed the same response. Some exhibited only minor increases, whereas others showed much larger (four-to fivefold) increases.
More detailed studies of the calcium response were performed with cultured rat hippocampal neurons, where the regulation of calcium has been studied extensively . An increase in [Ca 2ϩ ] i was also found within the neurites and was accompanied by profound changes in neuronal morphology. Neurite beading and fragmentation appeared within 10 min of exposure to the peptide (Fig. 5C , arrowheads) and was accompanied by swelling of the cell body.
ApoE peptide-induced elevation of [Ca 2؉ ] i is caused primarily by extracellular calcium and attenuated by RAP and MK-801
The contribution of extracellular calcium to the intracellular increase elicited by the apoE peptide was examined by eliminating extracellular calcium through the use of calcium-free medium and chelators. The [Ca 2ϩ ] i rise was significantly decreased and of shorter duration when cells were incubated in Locke's medium lacking Ca 2ϩ and containing 1 mM EGTA (Fig. 6 B) , suggesting that extracellular sources of free calcium participate in calcium elevation. Because incubation of the cells in calcium-free medium did not completely eliminate the rise in [Ca 2ϩ ] i , some release of calcium from intracellular stores after exposure to the neurotoxic peptide was also suggested. This conclusion was also supported by the fact that depletion of intracellular calcium stores with thapsigargin attenuated the peak [Ca 2ϩ ] i rise (data not shown). In previous studies, RAP, a ligand for LRP and related receptors, was found to attenuate the toxicity of the apoE peptide . The extent to which RAP might also affect the calcium response was examined by incubating hippocampal neuronal cultures with 1 M human recombinant RAP before addition of the peptide. As shown in Figure 6C , human recombinant RAP was able to significantly attenuate the increase in calcium caused by the apoE peptide.
In hippocampal neurons, the influx of extracellular calcium is tightly regulated by ligand-gated and voltage-dependent calcium channels. For example, glutamate, which exerts neurotoxic effects when applied to these neurons, causes an increase in intracellular calcium that is mediated by NMDA-type receptors (Mattson et al., 1993b; Cheng et al., 1995) . Because the apoE peptide also causes neurotoxicity and an influx of calcium, we tested specific blockers of calcium channels to investigate their potential contribution to the calcium response elicited by the apoE peptide. A 30 min preincubation with MK-801, a noncompetitive NMDA receptor antagonist, prevented the apoE peptide-induced influx of calcium in both chick sympathetic and rat hippocampal neurons (Figs. 4, 6C) . In contrast, a 5 min preincubation of hippocampal neurons with 200 M of CNQX, an antagonist of the AMPA/ kainate subclass of glutamate receptors, was ineffective (data not shown). Nifedipine (100 M), a specific blocker of voltagesensitive calcium channels, also did not provide any protection against the rise in intracellular calcium in hippocampal neurons (data not shown).
Contribution of calcium influx and MK-801 sites to the neurotoxic action of the apoE peptide
Because NMDA receptor activation and subsequent calcium influx have been shown to precede the death of CNS neurons in culture (Ankarcrona et al., 1995; DeLorenzo and Limbrick, 1996; Orrenius and Ankarcrona, 1996) , the contribution of NMDA receptor activation and calcium influx to the neurotoxic action of the apoE peptide was tested. Rat hippocampal cultures were exposed for 24 hr to 2 M apoE peptide in the presence and absence of extracellular calcium. The percentage of neurons surviving in each treatment group was quantified (Fig. 7) . The absence of extracellular calcium significantly, but only partially, enhanced neuronal survival after exposure to the apoE peptide. Also, the effect of 200 M M K-801 (M K8) on the toxicity of 2 M apoE peptide was tested. M K-801 was found to significantly, although not completely, prevent the toxicity of the apoE peptide, suggesting a role for NMDA-type glutamate receptors.
Experiments were also performed to determine whether MK-801 would protect chick sympathetic neurons from the toxic effects of the peptide. Cultures were treated with the peptide in the presence or absence of M K-801 (ranging from 100 to 800 M), and the extent of survival was assessed at 4 or 20 hr after treatment. There was no protection provided by M K-801 at either time point or at any concentration (data not shown). To determine whether these neurons are sensitive to glutamate, additional cultures were treated with 100 M glutamate. No toxicity was observed (data not shown).
DISCUSSION
Proteolysis may play a role in apoE neurotoxicity
As found previously (Crutcher et al., 1994; Marques et al., 1996 Marques et al., , 1997 , a synthetic apoE-related peptide, the N-terminal portion of apoE4 (truncated apoE4), and f ull-length apoE4 exhibited neurotoxic activity. Protease inhibitors reduced both the toxicity of full-length apoE4 and the appearance of truncated apoE fragments, suggesting that proteolysis of apoE may mediate its toxic effects. If so, this might help explain the variability that exists in the literature. In some studies, apoE causes neurotoxic effects Jordán et al., 1998; DeMattos et al., 1999) , but in other studies, no toxicity has been found Nathan et al., 1995; DeMattos et al., 1998) . In one study, cytosolic expression of apoE in neuroblastoma cells was found to be toxic (DeMattos et al., 1999) , but no information was provided on whether apoE was degraded under these conditions. The present results suggest that conditions may be required in which truncated apoE is generated to observe toxic effects of apoE. We have also observed that serum blocks apoE peptide toxicity (M. Marques and K. Crutcher, unpublished observations), indicating that composition of the medium may be critical.
The contribution of apoE proteolysis to neurotoxicity may also have some bearing on understanding the role of apoE in vivo. Fragments of apoE are present in both the brain and CSF, and the most abundant fragment, with an apparent molecular weight of 22 kDa, likely represents the N-terminal thrombin cleavage fragment of apoE (Marques et al., 1996) .
Calcium influx caused by apoE-related molecules
Both truncated apoE and the apoE peptide were found to elicit sustained elevation of [Ca 2ϩ ] i in cultured rat hippocampal neurons. The apoE peptide was also found to have a similar effect on chick sympathetic neurons. Other investigators have reported effects of f ull-length apoE on neuronal calcium (Hartmann et al., 1994; Müller et al., 1998) . The effect of the apoE peptide on [Ca 2ϩ ] i is also consistent with studies in which the same peptide was found to cause an increase in [C a 2ϩ ] i that was blocked by removal of extracellular calcium but not blocked by inhibitors of voltage-gated calcium channels (Wang and Gruenstein, 1997) . In contrast, we observed significant attenuation of the increase in [Ca 2ϩ ] i by R AP and M K-801.
ApoE peptide effects may involve apoE receptors
Although the R AP used in our experiments provided significant protection against both the calcium influx and neurotoxicity of the apoE peptide, other groups have found R AP not to be effective in blocking the neurotoxicity of either f ull-length apoE (Jordán et al., 1998) or the apoE peptide (Moulder et al., 1999) , nor did RAP inhibit the calcium influx elicited by the peptide on rat cortical neurons (Wang and Gruenstein, 1997) . These discrepancies may be caused by different experimental conditions or the RAP preparation. For example, we have tested the R AP preparation used by Jordán et al. (1998) and Molder et al. (1999) (recombinant rat R AP, kindly provided by Dr. G. Bu, Washington University) and found that it did not protect chick sympathetic neurons under the same conditions in which recombinant human RAP was protective (tested at concentrations ranging from 0.5 to 4 M under the same conditions used for previous toxicity studies). It is possible that there is some species-specific difference in the RAP or that other biochemical differences contribute to the differing results. Wang and Gruenstein (1997) did not provide details on their RAP experiments, but in surprising contrast to their results with RAP, they reported that an anti-LRP antibody virtually abolished the calcium response to the apoE peptide, consistent with results demonstrating inhibition of toxicity with the same antibody . ApoE binding and internalization, which can be mediated by several structurally related cell surface receptors of the LDL receptor family, including the LDL receptor and LRP (Yamamoto et al., 1984; Herz et al., 1988; Beisiegel et al., 1989; Raychowdhury et al., 1989; Takahasi et al., 1992; Kim et al., 1996; Novak et al., 1996) , are not thought to involve signaling pathways. Nevertheless, findings from studies of non-neuronal cells suggest that exposure of lipoproteins to various cells can stimulate second messenger pathways with alterations in intracellular calcium (Haller et al., 1994; Tasaki et al., 1994; Hjalm et al., 1996) . More recently, LRP has been found to interact with a heterotrimeric Figure 5C G-protein with downstream activation of cAM P-dependent protein kinase (Goretzki and Mueller, 1998) .
Is LRP involved in the toxic effects of the apoE peptide? LRP, also known as the ␣ 2-macroglobulin (␣2 M) receptor, in conjunction with heparan sulfate proteoglycan may participate in the toxicity of the apoE peptide . The role of this LDL-related receptor in cell function is enigmatic. It has been demonstrated to mediate binding and internalization of various ligands, including apoE (Strickland et al., 1990) . Binding of apoE to its receptor is usually assumed to require lipid, but the present experiments were carried out without exogenously added lipid. Interestingly, a recent study reported that lipid-free apoE can be catabolized via LRP (Yu et al., 1998) . If so, it is likely that both truncated apoE and the apoE peptide could be taken up in the same manner. Also of potential relevance is the fact that LRP can mediate the uptake and internalization of various cytotoxic compounds, including Pseudomonas exotoxin (Mucci et al., 1995; Gu et al., 1996) , certain proteases (Maeda et al., 1987 (Maeda et al., , 1989 , and ribosome-inactivating proteins such as saporin (Cavallaro et al., 1995) .
The fact that mutations in both LRP (Kang et al., 1997; Hollenbach et al., 1998; Lambert et al., 1998) and ␣2 M (Blacker et al., 1998) genes have been linked to the risk of AD, along with the well established association with amyloid precursor protein (APP) mutations, draws attention to this pathway in disease pathogenesis. The hypothetical scenario is commonly cast in the light of the role that the amyloid ␤ peptide plays. However, to the extent that apoE may be a source of neurotoxicity, an alternative possibility implicates modifications of the interactions of apoE with LRP or with LRP ligands (including APP and ␣2 M).
ApoE peptide effects may involve MK801-sensitive sites
The morphological manifestations of apoE peptide toxicity resemble those that occur during rapid excitotoxic degeneration triggered by glutamate and NMDA (Choi 1988 ; Mattson and . The large increase of [C a 2ϩ ] i and cytotoxicity in hippocampal neurons may be explained by their expression of glutamate receptors, because pharmacological blockade of NMDA receptors with M K-801 prevented cell death. The AMPA / kainate receptor antagonist C NQX was ineffective, suggesting that non-NMDA glutamate receptors are not involved.
The precise site of action of the apoE peptide in these cultures is unknown. One possibility is that an LRP-like receptor triggers a second messenger cascade(s) that promotes activation of NMDA receptors through an intracellular pathway. Such a pathway might involve altered phosphorylation of NMDA receptors secondary to modulation of kinase or phosphatase activities (Lieberman and Mody, 1994; Wang and Salter, 1994; . Alternatively, apoE peptide binding might induce membrane depolarization resulting in release of Mg 2ϩ from the NMDA receptor channel, thereby permitting responses to glutamate (Mayer and Westbrook, 1987) . It is also possible that the peptide stimulates release of glutamate from terminals.
The difficulty in identif ying the precise nature of the interaction of M K-801 with the apoE peptide effect is underscored by the fact that M K-801 does not protect against the toxic effects of the peptide on chick sympathetic neurons, nor was glutamate found to exert neurotoxic effects in these cultures. Yet MK-801 does attenuate the acute effects of the apoE peptide on calcium influx, suggesting that either the effects on calcium are not directly related to subsequent toxicity or the effects of M K-801 are more complex than simply interference with NMDA receptors, or both.
A direct comparison between the neurotoxic and calcium effects of the apoE peptide is difficult to make because of the differences in experimental conditions (culture medium, timeinterval, etc.). Although a correlation between the loss of calcium homeostasis and subsequent neuronal cell death has been shown in various paradigms of excitotoxic and metabolic injury (Mattson and Mark, 1996; T ymianski 1996) , influx of calcium is unlikely, by itself, to account for toxicity. Depolarization of neurons with KCl, which results in calcium influx, actually protects against the toxic effects of the apoE peptide (Moulder et al., 1999; Marques and Crutcher, unpublished observations) . This indicates that calcium loading per se does not predict subsequent toxicity, consistent with recent data suggesting that the route of calcium entry, not calcium load, determines neurotoxicity (Sattler et al., 1998) .
ApoE, calcium, and neurodegeneration in AD
Does the activity observed in these experiments reflect a potential effect of apoE-derived molecules in neurodegeneration? If so, this would be consistent with evidence suggesting that neuronal calcium homeostasis is disrupted and that an excitotoxic mechanism of neuronal degeneration occurs in AD (Mattson et al., 1993a) . The present results extend the documentation of neurotoxic effects of apoE-related peptides, indicating that proteolysis of apoE may play a role and that neurotoxicity is preceded by changes in calcium homeostasis. If these effects reflect endogenous activity of apoE or of apoE fragments, the rapid and potent increase in intracellular calcium may indicate a role for apoE in signal transduction. Perhaps more importantly, these results strengthen the possibility that the isoform-specific association of apoE with pathological processes, including Alzheimer's disease, may indicate a negative role for this protein, rather than the absence of a positive role.
